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2 KEYWORDS: In2Se3, 2D materials, piezoelectric, ferroelectric, polarization Two-dimensional (2D) van der Waals (vdW) materials encompassing a broad range of novel electronic, 1, 2 magnetic, 3 thermal, 4, 5 and optical properties 6, 7 have attracted substantial research interest over the past decade, promising the development of next-generation multifunctional devices. Among various functionalities, piezoelectricity and ferroelectricity widely exploited for the applications in memories, 8 capacitors, 9 actuators 10 and sensors 11 are relatively scarce in 2D materials. In 2H-stacking transitional metal dichalcogenides (TMDs) such as MoS2, the inversion symmetry in bulk crystals is broken in ultrathin flakes with odd number of layers, leading to the in-plane piezoelectricity that has been theoretically predicted and experimentally demonstrated [12] [13] [14] . Recently, spontaneous in-plane polarization has also been reported in monolayer group IV monochalcogenides [15] [16] [17] . However, in device applications, out-of-plane piezoelectricity and ferroelectricity are more straightforward for circuit designs. To date, CuInP2S6
remains the only known vdW ferroelectric with out-of-plane polarization, although the crystal structure is rather complicated and the polarization is only switchable for films above 4 nm [18] [19] [20] [21] .
Since traditional ultrathin ferroelectric films such as PbTiO3 and BaTiO3 are plagued by dangling bonds and dead layers at the ferroelectric/metal interfaces 9 , it is of great interest to explore new out-of-plane polarized 2D ferroelectrics for non-volatile memory and photovoltaic applications, as well as to enable 2D vdW heterostructures with novel functionalities [22] [23] [24] [25] .
2D out-of-plane ferroelectricity is highly nontrivial, as the depolarization field due to the lack of screening charges may strongly suppress spontaneous polarization in vdW materials. In a recent report, Ding et al. predicted that the layered semiconducting indium selenide (α-In2Se3) is a room-temperature out-of-plane polarized ferroelectric down to the single-layer limit (thickness ~ 1 nm), with a calculated electric dipole of 0.11 eÅ/unit cell 26 . In2Se3 has been widely explored for 3 phase-change memory, thermoelectric, and photoelectric applications. 27, 28 Owing to its polymorphism and complicated phase diagram, however, even the crystal structure of the thermodynamically stable phase at the room temperature (commonly denoted as α-In2Se3) remains controversial. [29] [30] [31] Here we report the first experimental observation of out-of-plane piezoelectricity and ferroelectricity in multi-layer α-In2Se3. Using a combination of transmission electron microscopy (TEM), second-harmonic generation, Raman spectroscopy, and piezo-force microcopy (PFM), we show that our In2Se3 samples exhibit the rhombohedral R3m structure (Fig.   1a ), which is non-centrosymmetric and supports the presence of a spontaneous polarization that is potentially switchable by an external bias. The piezotronic effect is demonstrated in that the charge transport in a prototypical device can be modulated by the piezoelectricity. Our work highlights the potential of 2D piezoelectric and ferroelectric materials for novel applications such as sensors, flexible electronics, and nano-electromechanical systems.
In this study, In2Se3 nano-flakes prepared by mechanical exfoliation onto conducting substrates and vapor-phase deposition (VPD) on flexible mica substrates are both studied 32 cross-section (Fig.1c) , the vdW gaps (in bright contrast) are clearly visible between the Se(1)-
In(2)-Se(3)-In(4)-Se(5) quintuple layers. Interestingly, the ABF-STEM intensity profile in Fig. 1d indicates that the Se(3) atom is shifted off-center towards the neighboring In (2) Fig. S1 . The STEM images and structural analysis suggest that the crystal structure of our In2Se3 nano-flakes follows the R3m symmetry 33, 34 . We note that α-In2Se3 samples in the R3m or P63/mmc symmetry groups have also been reported in the literature 28, 30, 35 . While the origin of this discrepancy is not clear and may subject to future investigations, it is possible that the slow annealing pre-treatment is responsible for the polar structure observed in our samples.
The symmetry of our -In2Se3 flakes is further explored by optical second-harmonic generation (SHG). Here a Ti: Sapphire femtosecond-pulsed laser with wavelength λex = 798 nm generates second-harmonic (SH) signals in reflection. Figure 2a compares the SH spectral intensity ( = 399 nm, all polarizations) generated by s-polarized incident laser from a vapor-phase deposited thin flake (thickness t = 2 nm) with the 10-fold stronger SH peak that an identical pulse generates from an exfoliated thick flake (t ~ 100 nm). These SH signals are, respectively, ~70 and ~350 times stronger than an identical pulse generates in reflection from a 2 nm thick GaAs film.
Moreover, s-polarized SHG (Figure 2b ), which has no contribution from the surface, is nearly as strong (averaged over azimuthal angles) as the p-polarized signal (Figure 2c ), for which a surface contribution is allowed in principle. Note that VPD grown flakes with thickness from monolayer to four-layer all exhibit prominent SHG intensity (Fig. S3 ). These observations show that the SHG signal originates from the non-centrosymmetric bulk -In2Se3 crystal, rather than from the broken inversion symmetry at the surface 36 . The result differs significantly from that of layered MoS2,
where SH intensities are negligible in even-layer and bulk samples due to the restoration of inversion symmetry 37, 38 . The azimuthal angle dependence of the SHG intensity is also measured In s-in/s-out configuration, only one component of the susceptibility tensor, χyyy, generates the SH signal; in s-in/p-out configuration, the out-of-plane component, χzyy, also contributes to the signal.
The SHG data are therefore consistent with the conclusion that the symmetry group of our -In2Se3 crystals is R3m.
The broken inversion symmetry and polar structure in In2Se3 do not ensure its ferroelectricity, which necessarily requires the presence of a spontaneous polarization that is switchable under external electric fields. In order to investigate the piezoelectricity and ferroelectricity of the -In2Se3 samples, PFM measurements (see Methods) have been carried out. Raman modes centered at ∼110cm -1 , ~175cm -1 and ~205cm -1 , respectively 30, 39 . In accordance with previous Raman work, 31 the presence of the A(LO) mode indicates a lack of inversion symmetry in the R3m structure, consistent with the aforementioned STEM and SHG data.
We have also performed PFM tip poling experiments to study the ferroelectric hysteresis behavior of -In2Se3. Unfortunately, due to the small bulk resistivity, significant leakage current usually takes place before the switching events across the entire sample. Fig. S4 shows the I-V characteristics across a 15-nm-thick In2Se3 flake between a 1 m  1 m Au pad and the bottom electrode. Substantial leakage current is observed for a bias beyond 3 V, indicative of a large amount of defects (most likely Se vacancies) and charge carriers in the material. Because of the charge screening, we are not able to demonstrate the conventional remnant P-E hysteresis loop by the Sawyer-Tower method 40 . Nevertheless, we show that is it possible to obtain bias-on PFM (Fig. S5) . We emphasize that this extrinsic leakage effect may be mitigated by doping of the opposite type of charged impurities or using a different growth mechanism such as molecular-beam epitaxy (MBE). The same practice, for instance, has been successfully adopted to suppress bulk carriers in the Bi2Se3 family of topological insulators 41, 42 . 
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